The three biogenic amine transporters-DAT, NET, role in the targeting and localization of synaptic memand the serotonin transporter (SERT)-can be considbrane proteins. Here, we report an interaction between ered specific markers of dopaminergic, noradrenergic, the PDZ domain-containing protein PICK1 and monoand serotonergic neurons respectively, as they are examine neurotransmitter transporters in vitro and in pressed exclusively in cells that synthesize the cognate vivo. In dopaminergic neurons, PICK1 colocalizes with neurotransmitter. To carry out their physiological roles, the dopamine transporter (DAT) and forms a stable transporters must be further targeted to specialized doprotein complex. Coexpression of PICK1 with DAT in mains at or near sites of presynaptic transmitter release.
decrease in transporter activity due to PKC activation et al., 1999). To test the hypothesis that the PDZ domain of PICK1 is responsible for the interaction with DAT, we (Daniels and Amara, 1999).
Despite extensive studies of monoamine transporters mutated PICK1 lysine and aspartate residues at positions 27 and 28, respectively, to alanine residues. These and their contribution to the regulation of neurotransmission, little is known about putative accessory comamino acids form part of the carboxylate binding loop of the PDZ domain, which is believed to bind to the last ponents involved in monoamine transporter regulatory mechanisms. Such potential interacting proteins might several residues at the carboxyl terminus of interacting proteins (Doyle et al., 1996; Songyang et al., 1997). As control the subcellular localization of transporters or alternatively modulate transporter function. In an effort shown in Figure 1B , the mutant PICK1K27A/D28A does not associate with DAT in the yeast assay, indicating to search for candidate proteins capable of interacting with monoamine transporters, we performed a yeast that the PDZ domain of PICK1 is responsible for the interaction with DAT. two-hybrid screening using the carboxy-terminal tail of DAT and identified the synaptic protein PICK1. PICK1
A hallmark of most PDZ domain-mediated interactions is the requirement of a consensus sequence lois a member of an emerging family of PDZ domaincontaining proteins that play an important role in the cated at the extreme carboxyl terminus of interacting proteins. Class I PDZ domains bind to a carboxy-termitargeting and clustering of several receptors and ion channels (Kornau et al., 1997) . Here, we show that DAT nal motif with the consensus sequence S/T-X-V/I (where X is any amino acid), whereas class II PDZ domains binds, clusters, and colocalizes with PICK1 in vitro and in vivo. In mammalian cells and neurons in culture, overhave a preference for the sequence φ-X-φ (where φ represents any hydrophobic residue; Songyang et al., expression of PICK1 results in a significant enhancement of DAT activity via a mechanism involving an 1997). Because the carboxyl terminus of DAT ends in the sequence LKV, a putative class II PDZ binding site, increased expression of transporters at the cell membrane. We further demonstrate that NET also specifically we sought to examine the involvement of this domain in specific binding to PICK1. A series of DATC mutants interacts with PICK1 in HEK-293 cells and colocalizes with PICK1 in cultured neurons of the noradrenergic were generated and tested for their ability to interact with PICK1. Removal of the last four residues of DATC locus coeruleus. These interactions are mediated by the PDZ domain of PICK1 and a PDZ recognition site located (W-L-K-V, DATC/W617*) completely disrupted PICK1 binding in yeast ( Figure 1C ). In addition, deletion of the at the carboxyl termini of these transporters. Deletion of this motif in DAT impairs the targeting of the transcarboxy-terminal valine (DATC/V620*) or addition of a single amino acid to the carboxyl terminus of DAT porter to neuronal processes. Thus, in addition to ion channels and neurotransmitter receptors, monoamine (DATC/*621Y) abolished the association of DAT with PICK1 ( Figure 1C ). These results indicate that the intertransporters represent a novel class of synaptic proteins that can be regulated by PDZ-mediated protein interacaction with PICK1 requires the intact free carboxyl terminus of DAT and is consistent with the observation that tions to confer potential modulations on synaptic transmission.
PDZ domain-containing proteins bind to specific consensus sequences found in the last three or four amino acids of their target proteins. Moreover, our results idenResults tify a previously unappreciated class II PDZ binding motif located at the carboxyl terminus of DAT. Interaction of DAT and PICK1 in the Yeast Two-Hybrid System To search for DAT-interacting proteins, we used the Binding, Colocalization, and Clustering of DAT and PICK1 in Mammalian Cells entire carboxy-terminal domain of DAT (DATC) as a bait to screen a human brain library using the yeast twoThe association of PICK1 and DAT observed in the yeast assay was further examined in mammalian cells by hybrid system. From the approximately 20 million transformants screened with DATC, three positive clones coimmunoprecipitation experiments. Whole-cell lysates were prepared from HEK-293 cells cotransfected with were found to encode the entire open reading frame of the human PICK1, a member of a large family of PDZ the full-length DAT and PICK1 cDNAs. We found that Ͼ80% of cells were transfected with DAT or with DAT domain-containing proteins, previously identified because of its ability to interact with PKC␣ (Staudinger et and PICK1. Under cotransfection conditions, the percentage of cells expressing both proteins, most often al., 1995). To rule out the possibility of a false positive interaction, we tested several control constructs in the in the same cells, was remarkably similar (data not shown). As shown in Figure 1D , immunoblot analysis yeast two-hybrid system. Only transformants bearing the bait plasmid pAS2.1-DATC and the prey plasmid indicated that DAT was coprecipitated with a PICK1 antibody only when both proteins were expressed in pGAD10-PICK1 were positive for the adenine phenotype selection ( Figure 1A ). Furthermore, a protein containing HEK-293 cells. Conversely, PICK1 was coprecipitated with the DAT antibody only when both proteins were the entire amino-terminal domain of DAT (DATN) fused to pAS2.1 failed to interact with PICK1, thus demonstracoexpressed in cells, demonstrating that the association is independent of which protein has initially been pulled ting the specificity of the association between the carboxyl terminus of DAT and PICK1.
down. Since the in vitro yeast data indicates that the interac-PICK1 contains a single PDZ domain at the amino terminus (Staudinger et al., 1995) , which has recently tion between PICK1 and DAT involves a PDZ binding site at the extreme carboxyl terminus of DAT, we reabeen shown to be essential for the binding, synaptic colocalization, and clustering of AMPA receptors (Xia soned that a truncated transporter missing the last four Figure 2D , staining of fixed cells without permeabilization with the extracellular anti-DAT antibody followed DAT antibody did not result in PICK1 coprecipitation ( Figure 1E ). These results demonstrate that PICK1 and by permeabilization and staining for PICK1 reveals extensive colocalization and clustered distribution for both the full-length transporter can physically associate in mammalian cells and this association requires an intact signals. These results indicate that these clusters are localized at the plasma membrane. PDZ recognition site at the carboxyl terminus of DAT.
The subcellular localization of DAT and PICK1was The specificity of cluster formation was examined with the use of DAT mutants lacking the PICK1 binding site next examined in transfected HEK-293 cells with the use of confocal immunofluorescence microscopy. DAT or a PICK1 mutant in which the PDZ domain has been disrupted. Deletion of the entire carboxyl terminus of and PICK1 displayed different distribution patterns when expressed separately in HEK-293 cells. Cells ex-DAT results in a nonfunctional transporter (data not shown) that is predominantly retained inside the cell pressing PICK1 alone exhibited diffuse staining throughout the cytoplasm (Figure 2A) , whereas in cells express-( Figure 3B ). Both the colocalization and cluster formation were abolished in cells coexpressing PICK1 and ing DAT alone, the transporter was localized both at the cell surface and intracellularly ( Figure 2B ). We did not this truncated transporter ( Figure 3B ). In addition, no cluster formation was detected when the PDZ interacdetect cross-reactivity between the PICK1 and DAT antibodies (Figures 2A and 2B) . When PICK1 and DAT were tion was disrupted by the removal of the PDZ binding site from DAT ( Figures 3C and 3D ). These mutants show coexpressed in HEK-293 cells, the distribution pattern of each protein changed dramatically and overlapped a reduced cell membrane expression concomitant with an increase in intracellular localization, suggesting that almost completely as revealed by the merging of confocal immunofluorescence images ( Figure 2C) . In virtually the terminal PDZ binding site is important for the targeting of the transporter to the cell membrane. Finally, all cells coexpressing DAT and PICK1, the two proteins colocalized in cluster aggregates ( Figure 2C ). To assess mutation of the PDZ domain in PICK1 also results in the lack of colocalization and cluster formation ( Figure 3E ). whether these clusters are located inside the cell or at the cell membrane, we labeled cells coexpressing PICK1
These results demonstrate that both the PDZ binding between cell surface and intracellular proteins. Memrecruitment of transporters to the plasma membrane or an interference with the removal of transporters from brane-bound proteins labeled with Sulfo-NHS-SS-biotin were isolated with streptavidin beads and analyzed by the cell surface. Western blot using the anti-DAT antibody. As shown in Figure 4D , the expression of DAT on the cell membrane Association between DAT and PICK1 In Vivo To establish the physiological significance of our findwas increased when coexpressed with PICK1 under conditions in which the total levels of transporter moleings in vivo, we examined the cellular distribution of PICK1 and DAT in cultured mouse midbrain dopaminercules remain unchanged. Taken together, these observations suggest that a PDZ-mediated interaction engic neurons by immunocytochemistry and confocal microscopy. DAT immunoreactivity was observed in ‫%5ف‬ hances the uptake activity of DAT by increasing the number of functional transporters at the cell membrane.
of the total neurons (data not shown). In these cells, DAT showed a punctate staining pattern along neuronal Further studies will be required to determine whether the PICK1-DAT interaction results in a more efficient processes ( Figure 5 ). Double staining with DAT and To examine the selectivity of the interaction between interact with PICK1. GLYT belongs to the same family of Na ϩ /Cl Ϫ -dependent plasma membrane transporters PICK1 and monoamine transporters, we generated a bait construct encoding the carboxy-terminal region of that also includes DAT, NET, and SERT. PICK1 failed to activate reporter expression in the presence of the GLYT the glycine transporter (GLYT) and tested its ability to tail, despite the fact that this protein contains a carboxyamine transporters, little is known about the extrinsic terminal sequence (SRI) that closely resembles a class molecular factors that govern these processes. The I PDZ binding site ( Figure 8A ). Taken together, these identification of the PDZ domain-containing protein results suggest that PICK1 interacts with monoamine PICK1 with the use of the yeast two-hybrid system repretransporters in a rather selective manner through the sents an initial step in our attempt to elucidate the regubinding between the PDZ motif in PICK1 and the φ-X-φ latory machinery of transporter function. Our data demsequence present at the carboxyl termini of monoamine onstrate that both DAT and NET contain a functional transporters. Thus, perhaps the presence of a class I PDZ binding motif that is required for the interaction PDZ binding sequence in other members of the transwith PICK1. This PDZ-mediated interaction is essential porter family suggests that other PDZ domainfor the colocalization and clustering of DAT and NET in containing proteins might also associate with these mammalian cells. Moreover, such interaction signifitransporters.
cantly enhances the dopamine uptake activity of DAT Based on the strong interaction of NET and PICK1 through a mechanism involving an increase in the numin yeast, we investigated their potential association in ber of functional transporters at the plasma membrane, mammalian cells and in neurons in culture. In HEK using specific primers and fused in frame with the GAL4 binding domain of pAS2-1. Deletion mutants of the DAT and NET carboxyl termini were also generated by PCR and subcloned into pAS2-1.
Potential Role of the PICK1-DAT Interaction
All DNA fragments were verified by automated sequencing. These 
